We shall review some results from several areas of oxide science in which neutron scattering and X-ray synchrotron scattering exercise a complementary role to high-resolution transmission electron microscopy. The very highresolution time-of-flight neutron diffraction technique and its role in studies of the magnetic structure of oxides will especially be reviewed. The selected topics of structural studies for the chosen oxides are: crystal and magnetic structure of the so-called cellular random systems, magnetic structure and phase transitions in ferrites and the behaviour of water in non-stoichiometric protonic conductors and in the opal silica-water system.
Introduction
Oxides are of widespread interest because of their diverse physical and chemical properties [1] . Ferroelectric, magnetic, piezoelectric, optical activity [2] and other diverse physical properties are observed in these materials. Some of these properties are due to the dipole moments produced by ionic displacements. Oxide crystals have numerous applications. Progress in the understanding of the microscopic processes in oxides [3] , and also the finding of new oxides with outstanding high T c superconductivity [4] have given new impetus to the studies. There are different groups of oxides but in all of them oxygen plays a very important role [5] . Oxygen atom positions and concentration in the crystal lattice are the parameters that strongly influence the physical properties of oxides [1] [2] [3] [4] [5] . Very often oxides are accessible for study only in polycrystalline form [1] . Therefore, very high resolutions are required in order to perform advanced structure studies by neutron or X-ray diffraction in polycrystalline materials. Some of the oxides have slightly distorted, highly symmetrical (e.g. perovskite) crystal lattices. This small distortion very often determines the physical properties of the oxide [ 1 ] . Therefore, in order to obtain information on the crystal structure of oxides the natural width of diffraction maxima determined by the polycrystalline quality of the material has to be as small as possible.
In the present paper we discuss the application of neutrons and X-rays [6] in the investigation of several oxides. We describe the study of so-called cellular random systems in which the atom sites are fixed but the species of atoms are randomly distributed [7] , perovskite oxides (bismuth ferrite (BiFeO 3 ), CaMn 7 o 2 and orthoferrites) and oxides containing water (superionic non-stoichiometric A 3 B 1+ xC 2 -x09 perovskite oxides) and the opal silicawater system. We also describe the neutron time-of-flight (TOF) diffraction method, a very suitable technique for oxide study, and its special properties, which are substantial for the investigation of oxides.
Neutron and synchrotron X-ray diffraction analysis of polycrystalline oxides
Neutron and synchrotron radiation diffraction support high-resolution transmission electron microscopy (HRTEM) in the study of matter structure [6, [8] [9] [10] [11] [12] [13] . Both these methods give the characteristics of a material integrated over the volume of the sample [11, 13] , although HRTEM gives more local information which is very important when special effects that depend on the local properties of material have to be studied. There are many recently published reviews concerning neutron and synchrotron X-ray diffraction analysis of polycrystalline oxides [6, [8] [9] [10] [11] [12] [13] . It is well known that both methods are complementary in crystal structure determination.
Neutron diffraction is used for structure refinement rather than for ab initio structure analysis. The fluctuation dependence of the neutron scattering amplitude upon the atomic number contrasts with the monotonic dependence shown by X-rays [13] . Neutrons are used to locate light atoms in the presence of very heavy atoms and to distinguish elements that are closely located in the periodic table [ 11, 13] . As the neutron scattering amplitude depends on the nucleus, deuterium and hydrogen have different scattering amplitudes. Since neutrons also possess magnetic moments, additional scattering from materials containing paramagnetic ions occurs. In the case of magnetically ordered compounds additional peaks usually appear in the neutron diffraction pattern [13] .
Neutron fluxes are many times weaker than those of X-rays, so generally the neutron diffraction samples have to be larger than those required for X-ray studies [13] . A distinct advantage of the use of powders is that twinning and extinction effects are essentially absent. Preferred orientation of grains in polycrystalline material can create a serious problem in X-ray diffraction studies, whereas in neutron diffraction this problem is less severe [13] . Neutrons are also more suitable than X-rays for investigating crystal and magnetic phase transition [11] , and whether a cryostat or furnace is used has a minimal effect upon the results of the diffraction experiment (the neutron cross-sections of most elements are typically 10 4 times smaller than the X-ray ones [11, 13] ). The use of polycrystalline samples is necessary where single crystals disintegrate during the phase transition. This effect is also a characteristic process in oxides. Therefore, neutron diffraction on polycrystalline materials plays an important role in structure investigations of oxides [14] . Here we shall limit our discussion to diffraction on polycrystalline materials.
To obtain maximum information from a powder diffraction pattern the special so-called Rietveld profile method, introduced by Rietveld [15] , has been developed. Today the computer program FULLPROF developed by RodrigezCarvajal [16] based on the Rietveld method is a widely used tool. This program was used in the studies presented here.
The best resolution in X-ray powder diffraction was achieved using synchrotron radiation (SR) sources [6, 8] . It is usually of the order Ad/d = 10" 4 (where d is the interplanar spacing). Among neutron diffraction techniques the TOF neutron diffraction offers the best resolution [17] . The HRPD diffractometer at the Rutherford-Appleton Laboratory, UK, has a similar resolution as that for the SR sources. The full width at half maximum of a diffraction peak depends not only on the instrument used but also on the quality of a polycrystalline sample. This problem was discussed in detail by Klimanek [18] .
In the early 1960s, when the already verified experimental techniques were developed, new techniques like TOF were also tested. In 1963 the possibility of using the IBR pulsed reactor in structure analysis of polycrystalline materials was checked [19] . By using the new TOF method developed by Buras et al. [20] the intensities of scattered neutrons as a function of their energies at a constant scattering angle were measured. It offers the best resolution at large interplanar spacing. This property of the TOF method is very important in magnetic structure determination and it was first applied for magnetic structure analysis of BiFeO 3 at the Dubna Pulsed reactor IBR-1 by Sosnowska et al. [21] .
Also in the 1960s the first experiments were carried out to obtain neutron pulses from the (y,n) reaction in a heavy metal target and to use these neutron pulses in the neutron TOF method. Such studies were also done in Japan where Kimura etal. [22] developed the TOF method by using an electron accelerator. The lack of a sufficiently good pulsed neutron source hindered the development of the TOF neutron diffraction method for more than a decade.
The next milestone in this field was the construction of a TOF diffractometer at the Garching steady state reactor [23] which, in the 1970s, achieved the best resolution in the world. By using this instrument very high-resolution neutron diffraction studies of the magnetic structure of polycrystalline perovskite oxides [24] were performed.
The next step is connected with the proton spallation neutron sources. The potential of this method was first recognized by Bartholomew in 1966, but in the 1970s the technology made the realization of this project possible as an alternative neutron source to the steady state reactor. The first source involving a proton accelerator and dedicated to neutron scattering from condensed matter was the ZING-P prototype built at the Argonne National Laboratory in 1.974 [25, 26] . The most powerful spallation source in the world today is the ISIS source at the Rutherford-Appleton Laboratory [27] . The best TOF diffractometer at this laboratory is the HRPD with a resolution of Ad/d = 5 X 10" 4 , which is similar to that of the Garching diffractometer but whose intensity is 1000 times higher.
In the TOF method the diffraction effect is proportional to the so-called effective spectrum l o (X)X 4 , where I O (X) is the intensity of the primary beam. For diffraction at large d-spacing when I O (A.) is usually small, multiplication by A. 4 makes the diffracted intensity much higher.
The most important parameter, especially in oxide studies, that determines the quality of the powder diffractometer, is its resolution. It is well known [17] that in the TOF method resolution is approximately described by the formula: where At is the time uncertainty and A9 is the uncertainty of half of the scattering angle, 26. The main contribution to At depends on how the neutron pulse is formed. Due to the use of the back scattering geometry (29 = 180°, 8 = 90°, cot 90° = 0), the contribution of the second term in Eq. 1 is almost zero and the resolution is determined by the time width At (first term in Eq. 1) of the neutron pulse. The resolution Ad/d = 0.1% achieved at Garching was of the same order as that best reached nowadays with the HRPD and very similar to that reached presently at the KENS spallation source at the National Laboratory for High Energy in Japan. Both the Garching and HRPD ISIS diffractometers were used to measure magnetic satellites in BiFeO 3 by Sosnowska et al. [24, 28] and the diffraction patterns with the same quality resolution were obtained. However, the time taken for collection of the data with the same statistical quality was 1000 times longer for the Garching diffractometer. In Fig. 1 the neutron diffraction pattern of polycrystalline BiFeO 3 containing the (101) and (003) magnetic reflections, obtained using the diffractometers TOF HRPD and DAS-D1A, ILL, Grenoble, are presented. Each result is the best for the technique used in the experiment.
The best technique for studying the crystal and magnetic structure of oxides is very high-resolution TOF neutron diffraction supported by high-resolution X-ray SR diffraction. graphic positions. This distribution is one of the main microscopic properties which are responsible for the spinglass magnetic behaviour of these materials, as was noticed by Iwauchi and Ikeda [30] . The neutron diffraction and SR studies confirm the symmetry of crystal lattices of BaSn 2 Fe 4 0 n and BaTi 2 Fe 4 0 n [7] . The HRTEM and X-ray powder diffraction studies of BaTi 2 Fe 4 0n [7] show that in BaTi 2 Fe 4 O n magnetic FeO 6 octahedra clusters are surrounded by TiO 6 octahedra. This effect may be responsible for the spin-glass properties of BaTi 2 Fe 4 On [30] . Recently the crystal and magnetic structures of BaTi 2 . Fe 4 O n and BaSn 2 Fe 4 0n have been investigated with neutron and X-ray diffraction by Sosnowska etal. [31, 32] , and by Przenioslo et al. [33] with the use of neutron and SR techniques. Since the magnetic neutron scattering yields information on the long-range magnetic ordering, and the neutron scattering amplitude of titanium is negative (bn = -3.4 fm [13] ), this technique is suitable for studies of the BaTi 2 Fe 4 0n disordered structure. The final structural results are described by Przenioslo et al. [33] . The Fe/Sn distributions were determined by simultaneous refinement of both the neutron and SR diffraction data with the use of the same structure parameters [33] .
The neutron diffraction pattern of BaTi 2 Fe 4 0 u obtained at 4.2 K shows two types of magnetic ordering: the longrange ordering giving the diffraction maxima and the short-range ordering giving diffused peaks (see Fig. 2 ). The quantitative description of magnetic ordering in BaTi 2 . Fe 4 O n is reported by Sosnowska etal. [32] . These materials and their physical properties are now under investigation.
Crystal and magnetic ordering in perovskite oxides
Oxides often crystallize in the perovskite structure. Some perovskite oxides are canted anti-ferromagnets (e.g. RFeOj [34] , R representing a rare earth atom) and others show long-period modulation of their magnetic structure (e.g. BiFeO 3 [24] or CaMn 7 O 12 [35] ). There are also perovskites that show high temperature ionic proton conductivity [36] .
The direction of the magnetic moment cannot be determined in a neutron diffraction experiment for polycrystalline materials with cubic symmetry. However, in systems with lower symmetry, the intensity analysis of diffraction peaks can give the angle between the main crystallographic direction and the magnetic moment, as was first shown by Shirane [37] . For a slightly distorted cubic lattice, a very high-resolution neutron diffractometer is required to separate the closely spaced reflections. Such an experiment was first performed for slightly rhombohedrally distorted (a = 89.4°) BiFeO 3 [21] .
The neutron diffraction patterns arising from helical magnetic orderings are characterized by the appearance of pairs of 'satellites' associated with the conventional Bragg peak of magnetic origin (Fig. la) . The positions of the satellites are related to the periodicity, X H , of the helix. The intensities of the satellites depend on the magnetic moment ordering in the helix: the bigger the modulation periodicity A. H , the higher the resolution of a neutron spectrometer required for determination of the satellite intensities [13] . In BiFeO 3 , a long modulated magnetic structure having the period X. H = 620 ± 20 A was determined by the TOF technique [24] . The magnetic moment ordering of Fe 3+ ions was obtained mostly from the intensity analysis of the satellite neutron diffraction pattern at the neutron wavelength of 9.2 A (d » 4.6 A). The best diffraction pattern for this substance has been obtained so far by means of the HRPD TOF diffractometer [28] (Fig. 3) . The existence of the magnetic modulated structure in BiFeO 3 explains the magnetoelectric effect in this compound [38] . In Fig. 3 neutron diffraction patterns measured at different temperatures are shown. The (101) span remains visible up to 347°C, i.e. not far from the Neel temperature (643 K) [28] . A very good resolution makes investigation of the influence of doping on the complicated magnetic structure of BiFeO 3 also possible. The pattern shown in Fig. 3 may serve as a measure of the spiral magnetic structure and possible magnetoelectric coupling in the doped BiFeO 3 anti-ferromagnet. These studies are only possible when the best resolution of the HRPD at ISIS is used. Information on the magnetoelectric coupling effect in BiFeO 3 can only be obtained when the intensity of the maxima in the span (101) can be determined (Fig. 3) . Various physical properties of several Mn perovskite materials have recently been under very intense investigation because of the interesting interplay between their magnetic, electronic and structural properties. One of the most important phenomenon is the colossal magnetoresistance which is nowadays of high technological importance. High-resolution SR and neutron powder diffraction experiments on La o .5Ca o 5 Mn0 3 performed by Radaelli et al. [39] have also shown unusual changes of the crystal structure accompanied by a broadening of the structural Bragg peaks close to the ferromagnetic-antiferromagnetic transition temperature T N . The recent interpretation of these interesting phenomena is connected with the simultaneous presence of Mn 3+ and Mn 4+ ions in the lattice and the occurrence of charge ordering, orbital ordering and distortions of the crystal lattice. Very similar broadening of magnetic diffraction maxima was observed for the first time by Przenioslo et al. in CaMn 7 O 12 [35] (Fig. 4) . The modulation period and magnetic coherence length associated with this ordering change considerably. The structural information obtained from standard neutron powder diffraction is insufficient to allow observation of small distortions of the lattice from cubic symmetry; therefore, high-resolution SR diffraction studies of CaMn 7 O 12 are planned in the near future. It would also be interesting to observe simultaneously magnetic and nuclear diffraction maxima in CaMn 7 O 12 by using very high-resolution neutron TOF diffraction. The rare earth orthoferrites, RFeO 3 , have the perovskite structure with a slightly orthorhombically distorted unit cell (the Pbnm space group [13] ). The distortion of the crystal lattice decreases with lighter more rare earth ions [34] . These compounds are weak ferromagnets at room temperature due to the small canting of the anti-ferromagnetic Fe 3+ sublattices [13] . From the intensity ratio of the resolved magnetic reflection, the moment direction of Fe 3+ ions in the crystal can be found. The intensity ratio of these peaks can serve as qualitative information about the magnetic moments reorientation [34] .
The first direct observation of the temperature dependent magnetic moment direction (reorientation) in NdFeO 3 causing the change of intensity of the magnetic reflections was observed by Sosnowska et al. [35] by using neutron diffraction. The effect is shown in Fig. 5 . The total intensity of the two maxima does not change during the reorientation phase transition. In order to investigate the nature of this process the reflections must be split. In this experiment the DAS-D1A diffractometer at the ILL, Grenoble, [29, 34] was used.
In the last decade considerable interest has been focused on proton conducting perovskite ceramics because of their possible applications in high temperature fuel cells. Their thermal stability and high proton conductivity are particu-15000 15500 16000 16500 17000
Time-of-flight, usec [36] . In Fig. 6 the neutron diffraction patterns of Ba 3 Cai l8 Nb] 82 O 9 .5 + xD 2 0 with and without water are shown [36] . This result was obtained using the TOF neutron diffractometer LAD at ISIS [27] . New maxima can be seen when the substance contains water (see Fig. 6 ).
Neutron diffraction in the opal silicawater system
In order to characterize the structure of amorphous systems containing atoms randomly distributed in space, the radial distribution function must be determined. In neutron scattering experiments it is possible to determine the intensity of scattered radiation in a much wider neutron momentum exchange range, Q, compared with the X-ray scattering experiments. Therefore, the neutron scattering technique gives more precise experimental data. Let us use an opal as a model substance. Precious opal is a silica-water system built up of closest-packed noncrystalline silica spheres approximately 200 nm in diameter. The Bragg reflections responsible for the beautiful colours of opal are seen also by small angle neutron scattering (SANS). In Fig. 7 the SANS neutron diffraction pattern obtained at Dll, ILL, Grenoble, is shown (Ibel K and Sosnowska I, unpublished). The SANS shows two Bragg reflections from the lattice of non-crystalline silica spheres. The positions of the diffraction maxima give us the average ball size, which is about 206 nm. The maxima are interference maxima of the fee lattice of amorphous silica balls. The maximum (200) does not appear because the structure factor of the ball itself is zero. Between the spheres, on their surfaces and inside them, water which is mostly molecular water and silanol group water is found. Precious opal is an ordered mezoscopic system. In recent years the structure and dynamic properties of porous media, especially of those containing water molecules, have been attracting growing interest [32] .
Conclusions
In order to investigate the crystal and magnetic structure of oxides very high-resolution diffraction is needed. The high-resolution neutron TOF diffraction seems to be a unique tool for investigations of special magnetic structures and water containing oxides. The use of highresolution and high intensity TOF spectrometers at spallation neutron sources, and high-resolution SR X-ray diffraction, make oxide investigations of sufficiently high accuracy possible. The influence of external fields on the structure of oxides can also be investigated by using these methods. The very high-resolution neutron TOF method seems to be most suitable for such studies.
